Angular distributions of a B meson decaying into two vector mesons are discussed with emphasis on time evolution effects on the complete set of amplitude bilinears. Time integrated quantities are suggested to observe substantial CP violation in decays with charm quarks in the final state particles. Relations among the nine observables at t = 0 are found to be useful for a consistency check of experimentally extracted quantities. Numerical estimates of the nine observables are made using form factor models and the assumption of the factorization hypothesis. Branching ratio asymmetries for
I. INTRODUCTION
The decays of the B meson into two vector mesons B → V 1 + V 2 , either with charm quarks in the final state particles, such as B → J/Ψ ρ, or with particles without charm quarks, such as B → ρ K * , have been calculated in many models [1] [2] [3] [4] [5] [6] [7] [8] [9] . The time evolution effects in neutral B meson decays are also discussed in [2, 7] . In this work, we would like to extend the general discussion on time evolving observables and to emphasize the charming decays in numerical analysis.
One major advantage of analyzing B → V V decays is that the interference of CPeven and CP-odd final states appear in the angular distributions. These interference terms provide good opportunities to observe CP or T violating effects. Since it is possible to measure all nine observables in certain decays [10] , the physically interesting quantities such as β and η can be determined from experiments given sufficient statistics. In addition, relations among the nine observables provide a consistency check for the amplitude bilinears obtained experimentally.
The decay amplitude involves the hadronic matrix element of a B meson decaying to two vector mesons through a weak current, which at present can not be calculated from first principles. Thus, our numerical evaluation of these observables at t = 0 is based upon the assumptions of factorization and no final state interactions and form factor models, where the updated Wilson coefficients [11] are used.
This paper is organized as follows: In Section II, we review the observables in the angular distributions of B → V V decays. In Section III, we derive the time-dependent formulas for the observables and list the complete results in the Appendix. Section IV considers the situation of no time evolution or at t = 0. The case with no strong phases is discussed in Section V. Results of single weak amplitude decays are presented in Section VI, wherein CP asymmetries are also extensively discussed. In Section VII, we present the numerical estimation of the nine observables. We summarize this paper in Section VIII.
II. OBSERVABLES AND ANGULAR DISTRIBUTIONS IN B → V V DECAYS
To extract the CP -odd and CP -even or T -odd and T -even components more easily, the angular distribution is often written in the transversity basis. Let us define the amplitude of B → V 1 V 2 in the rest frame of V 1 . According to their polarization combinations, the amplitude can be decomposed into [1] A
and similarly forB →V 1V2 . In Eq.
(1), ǫ V 1 and ǫ V 2 are the unit polarization vectors of V 1 and V 2 , respectively.p is the unit vector along the direction of motion of V 2 in the rest frame
. It is easy to see that A ⊥ is odd under the parity transformation because of the appearance of ǫ * V 1
·p, whereas A 0 and A are even.
The nine observables in the squared amplitude A * A are [10] K 1 (t) = |A 0 (t)| 2 , K 4 (t) = Re A * 0 (t)A (t) , L 4 (t) = Im A * 0 (t)A (t) ,
K 3 (t) = |A ⊥ (t)| 2 , K 6 (t) = Im A * (t)A ⊥ (t) , L 6 (t) = Re A * (t)A ⊥ (t) .
So we have
where the quantities X i (Ω) and Y i (Ω) represent polarizations or polarization correlations of the final vector mesons and Ω stands for the angles of the outgoing particles.
In general, the angular distribution of the decay in the transversity basis can be written
where K i 's are the amplitude bilinears that contain the dynamics and generally evolve with time, and f i (θ 1 , θ 2 , φ) are the corresponding angular distribution functions.
One can classify the decays into three types of processes according to the properties of the final product particles as follows:
Type I : For the case in which the decays of V 1 and V 2 are both into two pseudoscalar mesons, one can immediately translate the tensor correlations into angular distributions [10] .
The normalized angular distribution of the decays
, and
Type II : For the case of the decay
we observe that l − is a right-handed particle and comes out in the direction k 2 = (sin θ 2 cos φ, sin θ 2 sin φ, cos θ 2 ) and the momentum of P 1 , k 1 = (sin θ 1 , 0, cos θ 1 ) with angles defined in the same fashion as in the previous type, we have instead the differential angular distribution [10] :
To obtain the result for the other possible final state with a left-handed outgoing l − , one only needs to flip the signs of L 4 , L 5 , and L 6 . The muon polarization is equal to the sum of the terms L 4 , L 5 , L 6 divided by the sum of the other 6 terms. For the case of L 6 it is seen that the polarization does not vanish after integrating over θ 1 and φ and so the observation can be made without observing the V 1 decay. Such decay modes are
Although ω decays into three pions, they are still correlated so that one can pick the normal direction to the decay plane formed by the three pions in the ω rest frame to define the direction θ 2 and φ.
Although the B → V (→ P P )V (→ P γ) modes have a different decay pattern from that 
If one does not measure the polarization of the product particles, the angular distribution would be the one by doubling Eq. (5) and eliminating the L 4,5,6 terms.
Type III : Next we consider the decay B → V (→ P γ)V (→ P γ). Since it is experimentally impractical to measure the polarizations of both photons in the final state, we just give here the differential angular distribution with no polarization measured:
III. TIME EVOLUTION OF THE AMPLITUDE BILINEARS
The time evolution of an arbitrary neutral B meson state a|B 0 (t) + b|B 0 (t) is governed by the Schrödinger equation
If we write the mass eigenstates,
then the time evolutions of B 0 andB 0 are
where
Suppose |f η is a state with definite CP property, namely, CP |f η = η i |f η for i = 1, 2, 3
and η = 0, , ⊥, respectively. The CP eigenvalues η 1 = η 2 = +1 and η 3 = −1. Suppose we write the decay matrix element of B 0 decaying into the final states f η at time t = 0 as
Y T CKM is the overall CKM factors appearing in the amplitudes. θ η are the factored strong phases of A η , but only the relative phases are essential. Conventionally, we take θ ⊥ = 0.
T η and P η are the absolute values of two types of amplitudes that differ by a relative weak phase φ w and a relative strong phase δ η . We will refer to them by "tree" and "penguin" amplitudes, respectively. Similarly, for the CP conjugate mode we havē 
It is convenient to define a phase φ by
and
Note that R With the above definitions, one can get, for example, the time evolving |A η (t)| 2 as follows:
Similarly, one uses the time evolution for the conjugate mode to get, along with Eq. (12), for example, the corresponding time evolution formulas for |Ā η (t)| 2 :
A complete list of all the observable amplitude bilinears and their CP conjugates is given in the Appendix.
Before we proceed the discussion, let's define the CP asymmetry parameters,
. These nine parameters measure the changes of the amplitude bilinears under the CP transformation. For instance, from Eqs. (17) and (18), we obtain
This relation along with others for K 2,3 (t) provide information on φ given ∆m and Γ extracted from other experiments and theoretical estimates of K 1,2,3 (0), R 0, ,⊥ and I 0, ,⊥ .
IV. CASE I: NO TIME EVOLUTION
If we take t = 0 in Eqs. (A1)-(A5) and (A6)-(A10), we get the bilinear formulas for neutral B meson decays at time t = 0, or the charged B meson decays. The relations between the conjugate amplitude bilinears and amplitude bilinears arē
As discussed in the paragraph after Eq. (16), if none of the relative strong and weak phases are trivial, i.e., 0 or π, CP asymmetry exists in the above bilinears. However, if there are no strong phases (including all the factored strong phases and relative phases)
but the relative weak phase is nontrivial, then one can simplify the above equations to get [10] .
The observation of CP asymmetries in any of the bilinears indicates that nontrivial strong and weak phases are involved in the decay. Therefore, if the relative weak phase within the Standard Model is trivial, that is, effectively only one weak amplitude dominates, then no CP asymmetry will be observed among all the bilinears.
The formulae presented in this section can be applied to
One can only measure K 1−6 in the first decay mode because it is a Type I decay. There is no nontrivial weak phases in the latter two decays.
Therefore, one should not expect to observe CP asymmetries in the observables; but K 5,6 and L 4 may be nonzero, and provide evidence for strong phases due to final state interactions.
The observation of CP asymmetries in such modes indicates new CP violating source from physics beyond the Standard Model.
V. CASE II: NO STRONG PHASES
If there is no strong phases involved in the decays, then R 
where α η is the phase of T η + P η e iφw . With Eq. (21) and the definition of the phase φ in Eq. (15), one can get the nine CP asymmetry parameters
The formulas for ζ 6 (t) and ξ 6 (6) can be obtained by replacing "0" in Eq. (24) and (26) by " ". Thus, in principle, one may extract information about the phase combinations 2α 0, ,⊥ − φ. One should notice that ξ 4 and ζ 5, 6 can be nonzero at t = 0, whereas the others are identically zero. Although the assumption of no strong phases is unlikely to be true in charming decays, it may be applied to charmless decays such as B → ρρ.
VI. CASE III: NO RELATIVE WEAK PHASE
If there is no relative weak phase in each transversity amplitude, namely, φ w = 0, then one gets R η = 1 and I η = 0. This case is equivalent to the cases where only one type of amplitude dominates the decay process. For completeness, we list time evolutions of the nine observables in Tables I and II 1 .
So the nine CP asymmetry parameters are
1 While we agree with [2] in K 1−6 andK 1−4 , ourK 5, 6 differ from theirs by an overall minus sign.
Bilinear
Time evolution
− sin φ sin (∆mt) for i = 1, 2, 3,
+ cos φ sin (∆mt) 
These equations hold even if there are nontrivial strong phases.
If we fix the overall strong phases of the transversity amplitudes by the following con-
and L 4,5,6 (0) can be rewritten as
One can readily reach four relations among them:
All experimentally measured nine amplitude bilinears should obey the above consistency relations. If the strong phases δ 0 and δ are nontrivial, one could possibly get sizeable L 4,5,6
that can be observed experimentally. We can then obtain information on the strong phases δ 0 , δ , the mass difference ∆m, the decay width difference ∆Γ, and sin φ from Eqs. (27) .
Since some of them share the same time evolution pattern, they also provide a consistency check for the experimental results.
At t = 0, there is no CP asymmetry at all. So for charged B decays where one weak amplitude dominates in the Standard Model, one should get the same amplitude bilinears for the particle and its conjugate modes. However, for neutral B decays, the asymmetries develop as time goes on due to the mixing effect. In particular, ζ 1−4 (t) and ξ 4 (t) have a sinusoidal time dependence, while ζ 5,6 and ξ 5,6 (t) decay exponentially at B L 's decay rate, Γ L , in the large t limit.
It is, nevertheless, interesting to look at the time integrated quantities for sizeable CP or T violating effects. The particle total decay rate, after time integration, is
Similarly, the time integrated anti-particle total decay rate can be obtained by simply reversing the sign of φ in Eq. (30). One can obtain sin φ from the asymmetry between the time integrated total rates of conjugate modes and cos φ from the untagged analysis. This then eliminates the discrete ambiguity in the angle φ.
By integrating Eq. (27) from t = 0 to t = ∞, we find the asymmetries to be
In the above equations, x ≡ ∆m/Γ and y ≡ ∆Γ/Γ. For B d , x = 0.73 and y is negligibly small; for B s , x > 14.0 (CL = 95%) and y < 0.67 (CL = 95%) [12] . From these relations, one can also directly extract sin φ given the information about the amplitude bilinears at initial time.
In principle, one can extract information about φ and strong phases δ 0 , δ either from the time-dependent CP asymmetries ζ's and ξ's or from the integrated asymmetries once the bilinears are determined experimentally or from models. sin 2β has been measured from 15] . In this case, the CP asymmetries ζ 1,2,3 (t) can be used to provide an unambiguous determination of the sign of φ, and therefore the sign of η.
The decays that one may apply the results in this section to include:
The first mode is a Type III decay, whereas the latter two are Type II decays.
Notice that sin φ appears in all CP asymmetries, where φ is the phase of mixing and the single CKM factor involved in the decay amplitude. Since the amplitude has only one CKM factor, no CP violation effects would be found in the nine observables at t = 0. Yet the mixing will produce differences between the particle and anti-particle decay modes as time goes on. So any observation of the CP asymmetries in such modes indicates CP violation due to mixing and decay.
VII. NUMERICAL CALCULATION
In this section, we apply the factorization hypothesis [16] [17] [18] [19] [20] [21] to the calculation of hadronic decay amplitudes. In general, factorization is expected to hold more strongly for color-allowed processes, such as B q → D * + sD * q with q ∈ s, d, u, though it is doubtful in colorsuppressed modes, such as
Throughout the calculations, we ignore the strong phases θ η in Eq. (11) for simplicity but keep the strong phases in the Wilson coefficients [26] . These strong phases may be extracted from experimental data as mentioned in the previous section.
In our calculations, the Wolfenstein parameters are (ρ, η) = (0.18, 0.37). The decay constants used are
and F φ = 237MeV . Extracting dominant Wilson coefficients, a 1 and a 2 , from experimental decay rates has been performed in [11] . We apply their results to B The bilinears K i and L i in the following tables are normalized by dividing with Γ 0 ≡
The branching ratio asymmetry is defined by
where A andĀ are the branching ratios for the particle and antiparticle decays, respectively.
In the following tables, we list all nine amplitude bilinears for each mode even if L 4,5,6 may not be able to be observed from the angular distributions of some of them (Type I decays).
In Tables III and IV , we take the modified BSW (or BSW II) model [17, 18] for the form factors in the evaluation of hadronic matrix elements. In Tables V and VI, We provide numerical estimates of the observables in 12 sets of charming B → V V decays using three different form factor models. We find that the results do not depend strongly on the models used. In particular, we find bigger branching ratio asymmetries in 
APPENDIX: TIME-DEPENDENT AMPLITUDE BILINEARS
The time evolutions of the amplitude bilinears are as follows:
where i = 1, 2, 3 for η = 0, , ⊥, respectively, and η 1,2 = −η 3 = 1; (A1)
Similar formulas for Re A * (0)A ⊥ (0) and Im A * (0)A ⊥ (0) can be obtained from Eq. (A4) and (A5) by replacing "0" with " ", respectively.
The time evolution formulas for the CP conjugate amplitude bilinears are:
Similar formulas for Re Ā * (0)Ā ⊥ (0) and Im Ā * (0)Ā ⊥ (0) can be obtained from Eq. (A9) and (A10) by replacing "0" with " ", respectively.
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